Two-thirds of cancer patients receive radiotherapy. Pulmonary fibrosis may develop after thoracic irradiation, with symptoms ranging from mild dyspnea to chronic pulmonary insufficiency (1) . The etiology of radiation-induced pulmonary fibrosis (RIPF) is incompletely understood, and effective interventions are lacking.
Pneumocytes play a critical role in lung homeostasis. Type II pneumocytes (airway epithelial cell type II [AECII]) produce surfactant and repopulate type I and II pneumocytes after insult (2, 3) . Extensive AECII loss stimulates macrophage influx and proinflammatory cytokine elaboration, with resulting fibrosis (4, 5) . Surviving injured pneumocytes undergo epithelial-mesenchymal transition and elaborate transforming growth factor β (6,7).
Although pneumocyte apoptosis after irradiation has been described, the role of processes that limit replicative reserve are largely unexplored (8, 9) . Senescence occurs in tumor cells as a response to radiation and correlates with reduced clonogenic survival (10) (11) (12) . Senescent cells secrete proinflammatory cytokines, such as interleukin 6, transforming growth factor β, and interleukin 1-α, which are implicated in RIPF (13, 14) . We sought to further understand RIPF using microarray as a discovery platform.
Methods

Mice and Irradiation
Mouse studies were institutionally approved and in accordance with the guidelines of the Institute of Laboratory Animal Resources, National Research Council. Ten-week-old female C57BL/6NCr mice (Frederick National Laboratory, Frederick, MD) were restrained for irradiation of the thorax with lead shielding the remainder of the body. Radiation was delivered with an X-RAD 320 (Precision X-Ray, North Branford, CT) with 2.0-mm Al filtration (300 kv peak) at 2.61 Gy/minute.
Mice were treated to 0 Gy (control), 5 Gy, 17.5 Gy, 5 × 5 Gy, or 5 × 6 Gy (n = 20 per dose) and followed for survival through 30 weeks. Additional cohorts were treated for intermediate time-point tissue collection. Lethality of 5 × 6 Gy prevented collection at 30 weeks. Inflated lung tissue was embedded in optimal cutting temperature compound (VWR, West Chester, PA), formalin fixed and paraffin embedded, or snap frozen and stored at −80°C until use.
Separate cohorts (n = 8 mice per group) were treated with diphenyleneiodonium (DPI, Sigma, St. Louis, MO) 1 mg/kg in phosphate buffered saline or vehicle, delivered by subcutaneous injection beginning immediately after irradiation (5 × 6 Gy) and continuing 5 days per week for 16 weeks.
Microarray and Statistical Methods
RNA from total lung of mice exposed to 0 Gy, 5 Gy, or 17.5 Gy at 2, 4, 8, 16 , and 30 weeks after irradiation (n = 3 per condition) was extracted in TRIZol (Invitrogen, Carlsbad, CA) and purified with RNAeasy Plus kits (Qiagen, Valencia, CA). Biotin-labeled antisense cRNA was generated using the One-Cycle Target Labeling kit (Affymetrix, Santa Clara, CA). Labeled cRNA was chemically fragmented and hybridized to Mouse Genome 430 2.0 GeneChips (Affymetrix). Hybridized chips were scanned with a GeneChip scanner 3000 7G. These data were deposited in NCBI's Gene Expression Omnibus (15) , accession number GSE41789.
Statistical analyses of microarray data were performed with R/ Bioconductor (http://www.bioconductor.org) (16) . Datasets were normalized using the robust multichip average algorithm. Intensity values were log2 transformed, probe sets were mapped to official gene symbols, and Z score transformation was used. A filter with standard deviation of 1.5 was implemented to remove invariant genes. To estimate differences between doses across all time points, a one-way analysis of variance (ANOVA) with post hoc Scheffe analysis was used. Paired comparisons were estimated by Tukey honest significant difference method, applied to the fitted ANOVA model. Genes changed (P ≤ .05) between control, 5 Gy, and 17.5 Gy were considered for further analysis. Paired comparisons were performed with each dose within each time point.
Senescence Gene Enrichment
A detailed description of senescence gene enrichment is included in the Supplementary Methods (available online). Briefly, a senescence and aging gene set was developed by combining a previously reported DNA damage-associated senescence (DASS) signature (17) , a modified secretory senescence signature (mSS) (17) , and tissue-specific aging genes from the AGEMAP database (18) . To identify genes that showed an association (P ≤ .05) with the senescence signature, an enrichment analysis was performed using Fisher exact test. For time point-specific comparisons, each gene was scored depending on whether the expression of that gene was in a pro-senescent direction (relative to control), as previously described (17) .
Histology, Tissue Staining, and Collagen Assays
Fibrosis was assessed by Masson trichrome technique (SigmaAldrich, St. Louis, MO). For immunohistochemistry (described in the Supplementary Methods, available online), deparaffinized sections were subjected to antigen retrieval, blocking, and primary antibody incubation. Antibodies against pro-surfactant C, p21, and NOX4 were obtained from Abcam (Cambridge, MA), and an antibody against 8-OHdG was obtained from Genox (Baltimore, MD). Immunoreactivity was visualized by ImmPRESS/ImmPACT histochemistry (Vector Laboratories, Burlingame, CA) with nuclear fast red counterstaining.
Senescence-associated β-galactosidase (β-gal) activity was assessed with a commercially available assay (Abcam, Cambridge, MA). Frozen sections were incubated with 10 µM dihydroethidium (DHE; Life Technologies, Grand Island, NY) in a light-protected humidified chamber at 37°C for 30 minutes. To visualize apoptosis, terminal deoxynucleotidyl transferase deoxynucleotidyl transferase (dUTP) nick end labeling (TUNEL) was performed (ApopTag, Millipore, Bilerica, MA). The number of senescent, DHE-positive, or TUNEL-positive cells was counted on five 20× fields per mouse and expressed as a percentage of total AECII.
Lung collagen content was assessed with the sircol and hydroxyproline assays, as described in the Supplementary Methods (available online).
In Vitro Studies
Primary pneumocytes were isolated from C57BL/6NCr mice as detailed in the Supplementary Methods (available online). Enriched pneumocytes were treated with DPI (Sigma) or catalase (Sigma) 1 hour before irradiation. Superoxide production was visualized after incubation with 10 μM DHE for 30 minutes. For immunocytochemistry, primary immunoreactivity was detected with fluorophore-conjugated secondary antibodies (Life Technologies, Grand Island, NY). Coculture experiments with NIH-3T3 and pneumocytes are described in the Supplementary Methods (available online).
Statistical Analysis
Survival was estimated with the Kaplan-Meier method and unstratified log-rank statistical analysis to test for differences, with pairwise comparison between groups. For mechanistic studies, comparisons between conditions were evaluated with ANOVA with Bonferroni correction. A P value of less than .05 was considered statistically significant. All statistical tests were two-sided. Tissue experiments were conducted in triplicate. In vitro studies were validated in duplicate experiments.
results
Fibrosis Model
Mice treated to 0 Gy or 5 Gy uniformly survived through 30 weeks, whereas fibrogenic irradiation reduced survival (log rank P < .001). Three mice in the 17.5 Gy arm and two mice in the 5 × 6 Gy arm were censored from analysis (all between 3 and 7 weeks) because of severe dermatitis. The median survival was 24.4 weeks for 17.5 Gy (95% confidence interval [CI] = 22.3 to undefined), 25.4 weeks for 5 × 5 Gy (95% CI = 23.4 to undefined), and 17.6 weeks for 5 × 6 Gy (95% CI = 17.6 to 19.6) ( Figure 1A ; Supplementary Table 1, available online). Mice exposed to fibrogenic doses developed coat graying in the irradiated region ( Figure 1B) . Extensive fibrosis was evident in the lungs of C57BL6/NCr mice at 20 weeks after 5 × 6 Gy and 30 weeks after 17.5 Gy and 5 × 5 Gy. No histologic differences were evident between control and 5 Gy lungs at 30 weeks ( Figure 1C ).
Effects of Radiation on Gene Expression
Microarray analysis was used to examine gene expression in lung (control, 5 Gy, 17. Based on the clustering of 17.5 Gy-treated lung with aged mice, we evaluated the expression of three published gene signatures of cellular senescence (17) and aging (18) . Initially, we compared genes changed after radiation (17.5 Gy + 5 Gy vs control) across time points. Gene expression across the samples was altered, predominantly in the AGEMAP lung (odds ratio [OR] = 2.03; 95% CI = 1.11 to 3.77; P = .02), DASS (OR = 6.09; 95% CI = 1.22 to 58.81; P = .02), and mSS gene sets (OR = 4.57; 95% CI = 1.14 to 26.25; P = .02) ( Table 1) . By combining the DASS, mSS, and AGEMAP lung gene sets, a variation in expression across treatments was seen (OR = 2.6; 95% CI = 1.6 to 4.47; P < .001). To incorporate the direction of the differential expression, a comparison was performed in which gene expression was analyzed by dose and time (Supplementary Table 2 , available online). This analysis confirmed the association of senescence signature genes in 17.5 Gy samples (P ≤ .05 for all comparisons of DASS + mSS + Lung), but not in 5 Gy samples.
Expression data were again subjected to hierarchical clustering using the 45 genes from AGEMAP (lung), mSS, and DASS that were differentially expressed ( Figure 3A ). This analysis resulted in two major clusters. One cluster included young mice receiving 5 Gy and young unirradiated mice, as well as the youngest (week 2) 17.5 Gy-treated mice. A second cluster included mice receiving 17.5 Gy (4 weeks and later) and older mice (control and 5 Gy).
Effects of Irradiation on AECII Senescence
Clustering of older control mice with 17.5 Gy led us to hypothesize that fibrogenic radiation results in cellular senescence. Indeed, the number of senescent cells in murine lung was increased as early as 4 weeks after exposure to 17.5 Gy compared with mice exposed to 5 Gy or no irradiation (0 Gy: 2. JNCI | Articles 1477 jnci.oxfordjournals.org P < .001) ( Figure 3B ). Senescent cells costained for p21 and surfactant associated protein C (pro-SPC), a marker of AECIIs ( Figure 3C ).
Apoptosis is a reported mechanism of pneumocyte death after irradiation (8, 19) . To determine the relative importance of apoptosis and senescence in AECII after irradiation, TUNEL and β-gal/p21 staining was performed in combination with immunohistochemistry for pro-SPC in lung tissue. Apoptosis peaked at 2 weeks but occurred to a similar extent after exposure to nonfibrogenic and fibrogenic doses (P = .41 by ANOVA for comparison of all radiation doses) ( Figure 4A ). In contrast, senescence was increased in a time-and dose-dependent fashion after fibrogenic irradiation, with rates of AECII senescence at 30 weeks of 0.66% +/-0.67% (SD), 4.5% +/-1.19%, and 18.7% +/-3.05% for 0 Gy, 5 Gy, and 17.5 Gy respectively (P = .007) ( Figure 4B ).
The abundance of AECII was evaluated as a surrogate of lung regenerative capacity. Despite similar levels of early apoptosis in all irradiated mice, AECII counts recovered only in mice receiving 5 Gy (Figure 4C ), whereas they remained depressed at 30 weeks after fibrogenic irradiation (0 Gy: 2.89 AECII per alveolus +/-0. 26 [SD], 5 Gy: 2.41 +/-0.19, and 17.5 Gy: 1.6 +/-0.14; P < .001). Collectively, these data support that senescence contributes to AECII depletion after fibrogenic irradiation.
Role of NOX in AECII Senescence
Oxidative stress, a consequence of irradiation, is implicated in nonreplicative cellular senescence (20) (21) (22) (23) To determine if AECII senescence in irradiated lung resulted from an intrinsic effect, primary murine pneumocytes were irradiated with 5 Gy and 17.5 Gy. As observed in the lung, pneumocyte cultures exposed to 17.5 Gy exhibited increased prevalence of DHE oxidation (0 Gy: 2.86% +/-0.64% [SD], 17.5 Gy: 47.95% +/-7.43%; P < .001) and senescence (0 Gy: 9.5% +/-6.36% [SD]; 17.5 Gy: 40.05% +/-1.41%; P = .02), ( Figure 5 , B and C). Costaining confirmed that the majority of senescent pneumocytes exposed to 17.5 Gy also oxidized DHE (97.50%; SD = 1.6%) ( Figure 5D ).
Oxidant stress may result in senescence, but senescence may also stimulate free-radical generation (24) . We hypothesized that NOXdependent oxidative stress after irradiation induced AECII senescence. Inhibition of NOX with DPI ablated DHE oxidation (17. Figure 5C ). Furthermore, DPI treatment of primary pneumocytes prevented p21 expression and 8OHdG adduct accumulation after 17.5 Gy, whereas catalase treatment had no effect on these endpoints (Supplementary Figures 3  and 4 , available online).
Paracrine Effects of Senescent Pneumocytes
To determine whether senescent pneumocytes initiate fibrotic processes or are merely a marker of injury, we cocultured irradiated AECII with unirradiated AECII or fibroblasts. Coculture with 17.5 Gy irradiated pneumocytes was sufficient to induce senescence in unirradiated pneumocytes from C57BL6/30ShaJ-UBCtgGFP mice ( Figure 5 , E and F), an effect not observed in coculture with unirradiated pneumocytes (17.5 Gy: 30.20% +/-5.37% [SD]; 0 Gy: 2.77% +/-4.79%; P = .002). Exposure of NIH-3T3 fibroblasts to media conditioned by irradiated, senescent pneumocytes induced radiation dose-dependent increases of fibroblast proliferation ( Figure 5G ) and soluble collagen production ( Figure 5H ), effects that were absent when NOX activity in irradiated AECII was inhibited by DPI (mean proliferation of 1.00 +/-0.08 [SD], 1.67 +/-0.18, and 1.16 +/-0.08 for unirradated pneumocyte conditioning, 17.5 Gy, and 17.5 Gy + DPI, respectively, P < .001; mean collagen of 132.7 +/-1.95 [SD], 164.5 +/-5.47, and 146.9 +/-9.20 μg/ mL for 0 Gy, 17.5 Gy, and 17.5 Gy + DPI, respectively, P < .001).
Role of NOX in RIPF
To confirm the importance of NOX in radiation fibrosis, mice were treated with DPI (1mg/kg/day in phosphate-buffered saline) or vehicle control beginning immediately after irradiation (5 × 6 Gy). Treatment with DPI markedly reduced pulmonary fibrosis after radiation at 16 weeks compared with vehicle ( Figure 6A 
Discussion
The etiology of RIPF remains controversial (25) , but pneumocyte damage has been reported as a major factor in fibrosis of other etiologies. AECII depletion is hypothesized to be a major * P values were calculated by Fisher exact test for the comparison between treatments. All statistical tests were two-sided. CI = confidence interval; DASS = DNA damage-associated senescence; DE = number of genes from each signature or category with differential expression (P < .05) across treatments in the array dataset; EF = enrichment factor, a parameter that estimates the extent to which genes identified in the published gene categories are overrepresented in the pool of genes (P < .05) that show changes in expression in the microarray data; mSS = modified secretory senescence signature; OR = odds ratio, odds of enrichment of the specified gene set or category within the pool of genes (P < .05) that show changes in expression in the microarray data versus all genes in the array dataset. † Genes from the AGEMAP database (5) contri butor to ineffective alveolar repair (4, 26, 27) , leading to epithelial stress and fibroproliferation (28) . Indeed, targeted depletion of AECII resulted in rapidly progressive fibrosis (4). Conversely, delivery of pneumocyte mitogens after radiation restored epithelial integrity and reduced fibrosis at late time points (29) . Loss of pneumocytes has been reported to occur through apoptosis after radiation (8, 30) . We observed equivalent AECII apoptosis after nonfibrogenic and fibrogenic irradiation, suggesting that AECII apoptosis alone is not sufficient to cause fibrosis. Further, gradual recovery of AECII counts was observed after exposure to 5 Gy but not after exposure to fibrogenic doses. This suggested that regenerative capacity may be dose sensitive and independent of acute cytotoxicity.
Senescence has recently been associated with lung injury. Epithelial senescence has been observed in the lungs of patients with idiopathic pulmonary fibrosis and in animal models of bleomycin-induced pulmonary fibrosis (31, 32) . Supporting the importance of the replicative potential of pneumocytes in pulmonary fibrosis, mutations of TERT (telomerase reverse transcriptase) and TERC (RNA component of telomerase) have been identified as causes of inherited idiopathic pulmonary fibrosis (33,34). Based on microarray data, we hypothesized that AECII depletion resulted from incapacitation of stem cell function by senescence. A time-and dose-dependent increase in AECII senescence and oxidative stress was observed after fibrogenic irradiation. These findings are consistent with the role of AECII as the alveolar stem cell (35) , such that loss of replicative potential predisposes to progressive parenchymal depletion and resulting pulmonary fibrosis. Indeed, the degree of senescence, not apoptosis, correlated with the severity of AECII depletion.
Radiation has been described to induce tumor cell senescence (36) . Indeed, inducing senescence has been explored as a method to enhance tumor cell killing (17) . The data presented here suggest 
irradiation (IR). A)
C57Bl/6NCr mice were exposed to 0 Gy, 5 Gy, or 17.5 Gy thoracic IR (n = 3 per group). At 4 weeks, samples of lung tissue were collected and dihydroethidium (DHE) oxidation was assessed. Scale bars = 16 μm. B) Primary pneumocytes were plated and exposed to graded doses of irradiation. DHE oxidation was assessed at 3 days. C and D) Primary pneumocytes were exposed to 0 Gy (control), 5 Gy, or 17.5 Gy of irradiation and assessed at 3 days. Pneumocytes were treated with diphenyleneiodonium (DPI; 100 nM) immediately before and after IR. DHE oxidation was assessed and cells were costained for β-galactosidase (β-gal) activity. The percentage of pneumocytes staining with DHE and β-gal activity by treatment at 3 days are shown in (C). Scale bars = 16 μm. The rate of costaining for β-gal and DHE is shown in (D). The low rate of β-gal activity in DPI-treated pneumocytes precluded assessment of colocalization. E and F) Green fluorescent protein (GFP)-expressing unirradiated primary pneumocytes were cocultured with irradiated primary pneumocytes (17.5 Gy). Cells were fixed after 3 days and costained for β-gal and pro-surfactant C (pro-SPC). Arrows in (E) point to senescent unirradiated GFP-expressing pneumocytes. Scale bars = 16 μm. The percentage of GFP + type II airway epithelial cells (AECII) staining positive for β-gal activity at 3 days are shown in (F). G and H) Primary pneumocytes were plated and exposed to 0 Gy, 5 Gy, or 17.5 Gy.
Conditioned media was collected after 3 days. The effects of treatment with irradiated pneumocyte conditioned media on fibroblast proliferation and collagen production was assessed after 72 hours. Bars represent the mean. Error bars represent the standard deviation. Brackets indicate P < .05 by analysis of variance. All statistical tests were two-sided. Scale bar = 40 μm. that senescence has an important role in normal tissue injury after irradiation. It is possible that the use of agents that enhance senescence with cytotoxic treatments may inadvertently simultaneously enhance radiation toxicity.
Reactive oxygen species are known to induce cellular senescence (37) and are elevated in experimental models of lung injury and fibrosis (9, 32, 38, 39) . Superoxide is a potentially toxic reactive oxygen species generated by NOX isoforms. NOX4 has been implicated in epithelial apoptosis after bleomycin exposure (40) and has been described as a source of oxidative stress and apoptosis in irradiated lung (8) . We found that inhibition of NOX was sufficient to prevent AECII senescence. Senescent pneumocytes stimulated fibroblast proliferation and collagen secretion, an effect that was blocked with NOX inhibition. These findings suggest that senescent pneumocytes directly stimulate fibrosis by NOX.
Although these data strongly suggest that senescence plays a role in RIPF and that oxidative stress is key in this process, there are limitations in this study. Although these data suggest a role for senescence in RIPF, defining a causative role will require evaluating resistance to fibrosis in mice deficient in senescence. This is a challenging limitation because such mice develop tumors at young ages related to hyperproliferation, precluding the long follow-up required for studying RIPF (41) . Perhaps most important, the lack of irradiated human lung tissue for validation is a major limitation of this study. Although the animal models we used are widely used for studies of RIPF, evaluating senescence in human tissues is critical toward understanding the importance of this process in human radiation injury and determining whether these data are applicable to patients. Studying senescence and radiation injury in patients is challenging and limited by lack of frozen tissue from injured sites. The collection of frozen tissue is a high priority to validate these findings. Finally, the importance of senescence in other organs that experience radiation injury was not assessed in this study.
Collectively, these data identify AECII senescence as a novel mechanism of RIPF and NOX as a therapeutic target. Most important, these data suggest that late radiation injury may result from "aging" of tissue by chronic oxidative stress and accelerated stem cell senescence, a finding that could have important implications for patients undergoing radiotherapy. 
